Infectious prion diseases include Kuru and its variant, Creutzfeldt-Jakob disease, in humans, scrapie in sheep, and bovine spongiform encephalopathy in cattle. In these diseases, the pathogenic prion protein (PrP Sc ) enters the host through the gastrointestinal tract and migrates to the central nervous system, where PrP Sc induces characteristic pathological changes. The mechanisms underlying this intercellular transfer are not fully understood. After oral administration, PrP Sc withstands the digestive process and may be incorporated by microfold cells (M cells) or villous columnar epithelial cells in the intestine. Based on Western Blot with specific markers, liquid chromatography, and morphological analysis, the cellular prion protein (PrP C ) and PrP Sc in the cells are associated with exosomes, membranous vesicles that are secreted upon fusion of multivesicular endosomes with the plasma membranes. Exosomes may play a role in PrP transportation through intestinal epithelium. Cells may exploit the nature of endosome-derived exosomes to communicate with each other in normal and pathological situations, providing for a novel route of cell-to-cell communication and therefore of pathogen transmission in the intestinal epithelium. In addition, since most bovine spongiform encephalopathy cases were exposed to the agent in the first six months of life, developmental alteration of the intestinal defense and immune system may also be involved in the susceptibility to infection.
Introduction
The scrapie and bovine spongiform encephalopathy (BSE) agents enter the organism by oral route 1, 2) , as occurs with other types of human and animal transmissible spongiform encephalopathy (TSE). Variant Creutzfeldt-Jakob disease (vCJD) is the human TSE that has been associated with the consumption of BSE-infected foodstuffs 3, 4) . After entering via the oral route, transportation of scrapie agent across the intestinal mucosa could occur via the M cells, which are cellular elements specialized in the uptake of macromolecules from the enteric lumen 5) , or across the adsorptive ©2013 Food Safety Commission, Cabinet Office, Government of Japan doi: 10.14252/foodsafetyfscj.2013005 epithelium of intestinal villi into the lacteals 6) . Jeffery et al. observed that at this stage the prion protein (PrP) genotype does not influence the uptake of prion from the enteric lumen 7) . In early preclinical stages, an abnormal isoform of PrP, PrP Sc , accumulates in gut associated lymphoid tissue (GALT), in particular in the Payer's patches, and the palatine tonsils 8, 9) . PrP Sc is observed in the germinal center of lymphatic follicles, associated with follicular dendritic cells (FDC) and macrophages 10) . However, it has been observed that PrP Sc accumulation in the lymphoreticular system (LRS) is not indispensable for neuroinvasion 10, 11) . The enteric nervous system (ENS) represents the gateways through which the scrapie agents enter the nervous system. It is probable that other routes exist that allow the scrapie agents to reach the brain, such as lymphatic or hematogenous spread 9, 10, 12) .
M-Cell-Independent Incorporation of Prions into Enteric Tissues
Kujala et al. 13) studied uptake of orally inoculated PrP Sc from the intestinal lumen in wild and PrP c deficient mice. Initial uptake of PrP Sc was observed from the intestinal lumen via enterocytes of follicle-associated epithelium (FAE) in both the mouse strains, indicating that this process is independent of the expression of a cellular isoform of PrP, PrP C . The subsequent propagation and disease progression required an endogenous supply of PrP C . The precise cellular mechanism through which prions are acquired from the gut lumen and transferred to FDCs in Peyer's patches is not known, although it has been shown that the accumulation of prions upon FDCs in Peyer's patches is critical for their efficient spread to the ENS [13] [14] [15] [16] . In the study of Kujala et al., PrP Sc accumulation was found in large LAMP1 (a membrane protein specific for late endocytic compartment) -positive late endocytic multivesicular bodies of FAE enterocytes at one day-post inoculation. Although PrP Sc was also detected within M cells, the detected levels were much lower than that in FAE enterocytes. Furthermore, PrP Sc transcytosis across the FAE was independent of cellular PrP C expression. In prion-infected wild mice, PrP Sc was subsequently found in late endosomes of lamina propria macrophages followed by a gradual increase upon the surface of FDCs within germinal centers. Relatively large amounts of PrP Sc were found also in late endosomes of tingible body macrophages (TBMs) in germinal centers. Beginning at 21 days-post inoculation, and following accumulation upon FDCs, increased levels of PrP Sc were observed on the surface of neurons at submucosal and enteric plexi. At 105 days-post inoculation, PrP Sc immuno-labelling on neurons increased.
Data shown by Kujala et al. 13) appear to differ significantly from those by Foster et al. 17) who detected PrP Sc mainly in association with the Peyer's patch and cecal patch M cells. In the study of Foster et al. 17) , mice were fed doses of scrapie PrP that requires amplification in the gut-associated lymphatic tissue (GALT) for neuroinvasion 18) (Fig. 1 ).
A33-related Exosome Secretion
FAE enterocytes may exocytose the intravacuolar contents (including endocytosed PrP Sc from the gut lumen) of their late endosomes into the extracellular space of lamina propria. Exosomes described initially as microvesicles having 5′-nucleotidase activity 19) are small membrane vesicles of endocytic origin 20) . The concept of exosomes as membrane carriers was originally described for human cytotoxic T lymphocytes 21) . Exosomes transfer not only membrane components but also nucleic acid between different cells, emphasizing a role in intercellular communication 22) . This ability is likely to underline the different physiological and pathological events, in which exosomes from the different cell origins have been implicated. Like professional antigen presenting cells such as dendritic cells, enterocytes have been shown to secrete 30-to 90-nm diameter exosomes 23) . A33-related exosome secretion from intestinal epithelial cells has been described in general 24) and specifically related to prion propagation as observed in infectivity of exosomes containing PrP Sc25) .
When released from basolateral side of the cell, epithelial exosomes express molecules including membrane proteins such as A33 antigen 26) and the epithelial cell surface antigen 27) , which are exclusively found in the basolateral exosomes and could be involved in cell-cell or cell-matrix interaction. The enrichment of tetraspanins, like CD63, a marker of late endosomal compartment, indicates that exosomes are not plasma membrane fragments, but that they originate from an endosomal compartment, probably a major histocompatibility complex (MHC) compartment, where loading of MHC class II molecules with antigenic peptides or foreign substance occurs 23) . In basal conditions, epithelial exosomes express low levels of MHC class I and II molecules which are upregulated in inflammatory conditions 23) .
Exosomes released from the apical pole of the enterocytes have a distinct composition. They express syntaxin 3 and microsomal dipeptidase, molecules probably involved in their addressing to the apical side of the cells 28) . CD26, an exo-peptidase highly expressed at the apical membrane of enterocytes, is enriched on apically released epithelial exosomes 29) . CD26 undergoes a complex intracellular traffic, since it is first addressed to both the basolateral and apical membranes before basolaterally bound molecules are transcytosed back to the apical surface where they are concentrated.
M-Cell-Dependent Incorporation of Prion Proteins
M cells are located on the surface of Peyer's patches and play a key role in the incorporation of foreign substances or antigens and their presentation to dendritic cells, macrophages, and T cells scattered in the dome region of Peyer's patches 30) . An in vitro study suggested that monolayer epithelial Caco-2 cells (colon cancer-derived epithelial cells), which show functional and morphological feature of M cells in Peyer's patches, incorporated selectively PrP Sc when the cells were co-cultured with Raji B cells (Burkitt's lymphoma -derived cells) 5) . Recently, the investigation of oral transmission route using PrPc deficient mouse has shown that orally inoculated PrP Sc was spread into lymphoid tissues and the ENS, after being incorporated by M cells 31) . In these mice, PrP Sc was incorporated within 1 hour by intestinal epitheliocytes (annexin V-positive M cells) in the FAE and villi, and PrP Sc -positive cells were accumulated in the subfollicle region on Peyer's patches a few hours later. The importance of M cells has been supported also by the finding that PrP Sc accumulation on FPC in Peyer's patches and disease development were inhibited in mice whose M cells were transiently depleted by treatment with RANKL (receptor activator of NF-κB ligand) specific antibody 32) . In the case of vCJD, a 37-kDa laminin receptor precursor (LRP) was focused on 33) . LRP was incorporated into the 67-kDa mature laminin receptor expressed in the brush border of duodenal and jejunal villi of 40% of human subjects 34) . Furthermore, it was reported that human Caco-2/TC7 enterocytes endocytosed PrP Sc from BSE brain homogenates, but that this uptake was reduced by blocking 37 kDa/67 kDa laminin receptor with an anti-laminin receptor antibody. This finding indicates the possibility of LRP-linked incorporation of PrP Sc via laminin receptor 35) .
Age-Dependent Risk of Oral Transmission
Younger cattle are more likely to be infected than older cattle 36) . Ages less than six months are equivalent to the sucking or weaning period when the gastrointestinal tract is still immature. Experimental oral infection of lambs with BSE PrP demonstrated that un-weaned lambs of ~24 hrs and 2-3 weeks of age were more susceptible than older weaned animals 37) . Also, in rodents, intestinal incorporation of PrP Sc has been found to be reduced after weaning [38] [39] [40] .
Previous reports have shown that immune cells participate in the pathogenesis of murine prion diseases 16) . In the oral transmission route, PrP Sc moves through the intestinal epithelial barrier and several other biological barriers before finally reaching the central nervous system (CNS). To successfully invade through the intestinal epithelial barrier, pathological agents must avoid digestion in the gastrointestinal tract. Although normal proteins are digested by gastric acid in the stomach and various enzymes in the gastrointestinal tract, PrP Sc cannot be digested because they are resistant to protease activity due to their abundant β-sheet structures. After withstanding digestion in the gastrointestinal tract and reaching the intestinal epithelial wall, the infectious agent needs to penetrate the intestinal epithelial barrier and reach the peripheral nervous system. Suckling animals take certain growth factors and immunoglobulins from milk through their intestinal epithelium as macromolecule substances [41] [42] [43] [44] [45] [46] . The neonatal Fc receptor (nFcR) binds to the IgG antibodies ingested in maternal milk and transports them through enterocytes to the systemic circulation of the newborn [47] [48] [49] [50] . Also antigen-IgG complexes have been found to be transported from intestinal lumen to lamina propria by nFcR 49) . In a previous study, we have shown that the amount of PrP Sc incorporated by suckling severe combined immunodeficiency (SCID) mice lacking maternal immunoglobulins was significantly smaller than that taken up by wild-type suckling mice 39, 47, 51) . Moreover, intestinal incorporation of PrP Sc in suckling SCID mice was up-regulated when IgG was administered orally together with PrP Sc . When suckling mice were treated with a nFcR blocker, Z-ε-aminocaproic acid (ZAA), PrP Sc incorporation into the intestinal villi of the mice was inhibited 47) . These findings suggest that maternal immunoglobulins and nFcR play roles in the efficient incorporation of PrP Sc through intestinal epithelial cells during suckling periods.
Conclusion
There are two possible routes for PrP Sc to invade into intestinal epithelium. One is the route mediated by transcytosis of M cells on the Peyer's patches, whereas the other route is mediated by the villous epithelial cells. During suckling periods, maternal immunoglobulins and nFcR may contribute to the efficient incorporation of PrP Sc by intestinal epithelial cells. The enterocytes release PrP Sc to lamina propria with A33 positive exosomes, which are taken up with PrP Sc by lamina propria macrophages. PrP Sc and A33 positive exosomes are then released from the macrophages and spread to the germinal centers by TBMs. PrP Sc starts to replicate on the surface of follicular dendritic cells expressing abundant PrP C . PrP Sc replicates and spreads to CNS via enteric nerves close to Peyer's patches after amplification in enteric nerves.
